ABSTRACT: Light--responsive hydrogel valves with enhanced response characteristics compatible with microfluidics have been obtained by optimization of molecular design of spiropyran photoswitches and gel composition. Self--protonating gel formulations were exploited, wherein acrylic acid was copolymerized in the hydrogel network as an internal proton do--nor, to achieve a swollen state of the hydrogel in water at neutral pH. Light--responsive properties were endowed upon the hydrogels by copolymerization of spiropyran chromophores, using electron withdrawing and donating groups to tune the gel--swelling rate. Faster macroscopic swelling of the hydrogels was obtained by changing an ester to an ether at the 6' position (factor of 4) or shifting the ether group to the 8' position of the spiropyran (factor of 2.5) producing a 10 fold increase in total. The effect was also visible in the swelling behavior of the corresponding hydrogel valves, where the ob--served macroscopic changes were reversible and reproducible and in agreement with the molecular kinetics. Gel--valves integrated within microfluidic channels have been fabricated and allow reversible and repeatable operation, with opening of the valve effected in 1 minute, while closing takes around 5.5 minutes.
INTRODUCTION
Light-responsive coatings and materials have been an attractive field of research in recent years. [1] [2] [3] [4] [5] Photo-switching allows alteration in the dimensional and structural composition of the material with highly precise and localised actuation, without direct contact between the material and the actuating stimulus and with minimum impact on environmental conditions. [6] [7] [8] [9] [10] [11] This approach is appealing for optical data storage, 12 actuators 1 and valves in microfluidics. [13] [14] [15] [16] [17] [18] [19] [20] [21] In particular, the latter application ideally requires fast and large actuation of the valve structure in order to work efficiently. However, up to now, most examples are based on temperature responsive systems, which is not readily implementable in microfluidics. Key requirements for successful adoption are manufacturability combined with reliability, durability and low cost, particularly when employing these fluidic systems in analytical instruments at remote locations. Hydrogel based materials in which a photochrome is covalently incorporated in the polymer backbone can exhibit significant volume changes using light as the actuation stimulus. 22 Various photochromes have been studied that exhibit lightinduced isomerization e.g. azobenzenes 23, 24 and spiropyrans (Sp). 1 Azobenzenes isomerize from their trans to cis conformation with an accompanying relatively small change of dipole moment and molecular dimensions. However, in principle, significantly larger changes in dimensionality of a gel can be achieved using Sp-derivatives. Upon ring-opening and protonation in an acidic environment, the stable hydrophilic isomer merocyanine-H + (McH   +   ) is formed, which can trigger a macroscopic change in the overall character of a hydrogel e.g. from predominantly hydrophilic to predominantly hydrophobic, allowing repeatable swelling and shrinkage of the material, due to accompanying water uptake and release ( Figure 1 ). By incorporating a Sp-based derivative into the backbone of this network, the hydrogel character may be switched using light, as Sp undergoes isomerization from the ring-closed hydrophobic form to the ring-opened hydrophilic form. Hydrogels have previously been investigated for valving applications in microfluidic devices 15, 25 and recently, several approaches involving light-responsive poly(Nisopropylacrylamide) (pNIPAM)-based hydrogels containing a photochromic compound, that isomerizes and therefore contracts and swells the gels, have been reported. Fast opening of gel-based valve structures to allow flow has been demonstrated. However, the time required to close these structures by reswelling was found to be in the order of 1 hour, thus essentially limiting the potential applications to single use devices, and valves based on these gels open quickly, but take several hours to close. 7 To act as a valve, the hydrogel requires not only fast shrinkage, but also rapid swelling to close the channel in a suitable time frame, an issue that is often not discussed for such systems. Isomerization rates of Sp-s are strongly dependent on the substituents (Figure 2 ) as shown by Satoh et al. 26, 27 where they investigated the system in an acidic environment. However, an acidic environment is not always desirable, as a neutral pHs are frequently required in many analytical methods and biological assays e.g. protein analysis. 7 Therefore, inspired by the work of Ziółkowski et al., 9 the following study employed a self-protonating system wherein acrylic acid is copolymerized into the hydrogel to provide an internalized source of protons. Using this approach, the photo-actuation process was performed under neutral, aqueous conditions by illumination with a low-cost light-emitting diode (LED). This configuration opens up new opportunities to integrate low-cost valving functions within microfluidic systems using compact, low-cost and lowenergy irradiation sources. In this work we show how molecular design can be used to optimise molecules with improved characteristics that manifest not only at a molecular level, but also in macroscopic structures. Since the recovery (i.e. swelling) of hydrogels often is the slowest process, electron-donating groups are exploited in this work to tune the macroscopic effect of swelling using improved molecular isomerization kinetics . This is crucial to achieve an acceptable valve function in microfluidic applications, where both fast opening and closing is required to manipulate a flow; something that is often not reported for light-responsive gels. Therefore, in this paper, a systematic study on the effect of various substituents on the photo-isomerization speed of spiropyran derivatives and the corresponding macroscopic impact on hydration and dehydration of a hydrogel incorporating these derivatives is presented. This study involved the coupling of the molecular kinetics of various Sp derivatives to the corresponding shrinking/swelling kinetics of small hydrogel disks as a model study and subsequently the incorporation of the gel with fastest actuation properties into a microfluidic chip to show the reversibility and reusability of such a system.. Figure  2 . The synthesized structures used for this study with an ester (3) or ether (2) at the 6' position and an ether (1) at the 8' position.
EXPERIMENTAL SECTION

Synthesis of the spiropyran derivative
The crude product of 1 was pre-purified by subjection to a silica column using 10% ethylacetate in heptane, before injection in a recycle GPC column using chloroform as eluents and 256 and 360 nm as detection wavelengths. Figure 3 . The materials used for preparing the light--responsive hydrogels.
Hydrogels were prepared by dissolving 91 mol% NIPAM, 5 mol% acrylic acid, 2 mol% N,N'-methylenebisacrylamide (MBIS), 1 mol% Irgacure 819 as white light photo initiator and 1 mol% of the corresponding Sp in a 2:1 mixture of dioxane and water at a ratio of 1:2 mg monomer:ml solvent ( Figure 3 ). To monitor the isomerization kinetics, thin films of the photoresponsive gels were prepared. Using a cell composed of two 50 micron pressure sensitive adhesive spaced glass slides filled with each monomer solution. The internal surface of the bottom slide of this cell was functionalized with 3-(trimethoxysilyl)propyl methacrylate to ensure covalent attachment of the gel to maintain a flat film for spectrometer mounting. For easy removal of the top glass slide of the cell, the corresponding glass plate is functionalized with a fluorinated compound (1H,1H,2H,2H-Perfluorodecyltriethoxysilane). Subsequently the filled cell was illuminated with white light for 15 seconds to achieve a cross-linked network. The fluorinated glass was removed and the samples were allowed to dry before being submerged in water overnight to ensure a fully equilibrated hydrated state and to remove any non-reacted monomer. To investigate the macroscopic effects, hydrogel disks were prepared using a cell consisting of a non-functionalized microscope glass slide a 192 micron thick pressure sensitive adhesive spacer. capped with a microscope cover glass with an attached mask with 1 mm diameter holes. The material was illuminated for 15 seconds using a LED lamp at 1 cm above the mask to form the disks. The ccapping slide/mask was then removed and the valves carfully rinsed and transferred into a container filled with distilled water and left overnight to swell to ensure an equilibrium hydrated state is reached. It is assumed that the isomerization kinetics in the covalently attached material is similar to the isomerization kinetics in the hydrogel disks Microcluidic Valve preparation and actuation Valves were polymerized in-situ within microfluidic channels situated within PMMA chips. The two-layer chips were prepared from PMMA sheets 1.5 mm thick. The microfluidic microchannels, liquid inlet and an outlet, and a circular feature with central pillar (for housing the valve) were micromilled,on the base layer and then sealed to the top capping layer using a UV-thermal technique.. The microchannel dimensions were 1 mm wide and 0.150 mm deep, while the circular feature and pillar were 2.6 mm and 1 mm in diameter, respectively. The microchannel was filled initially with the monomer solution and the valve was created by irradiation of the solution with blue LED light at 450 nm wavelength, using a suitable mask to define the valve dimensions. After creation of the valve structure in-situ, the microfluidic system was rinsed using deionized water to remove any unpolymerised material. An in-house developed LED system was subsequently used for actuation of the valves. The channels are filled with water overnight to allow the valves to fully swell and prime the chip. Valve performance was assessed using an in-house designed constant head platform to generate a constant flow through the system. Valve opening was achieved via exposure to blue LED light for one minute, while closure occurred spontaneously when the LED light source was turned off, as thermal equilibrium favours formation of the Sp isomer. Liquid flow through the chip was monitored as the valve opened and closed using a Fluigent L FRP Flow Meter and FRP Flowboard.
RESULTS AND DISCUSSION
Molecular design and synthesis of the spiropyran Sp derivatives were synthesized with an ester or an ether moiety at the 6' (2 and 3) position or an ether moiety at the 8' position (1), whereby the ester will withdraw electron density from the system destabilizing the open (Mc) form, while, in contrast, the ether donates electron density stabilizing the open form. The Sp-based derivatives 2 and 3 were synthesized according to procedures reported earlier, [9] [10] [11] whereas the Sp-8' derivative 1 is a novel compound and is expected to have faster isomerization kinetics to the McH + form compared to the Sp-6' derivatives, based on similar trends observed in the work of Satoh et al. 26 A Fisher base and the corresponding salicylaldehyde are condensed to a Sp with a hydroxyl group at the desired 6' or 8' position. Subsequently, a Williamson ether synthesis of the Sp with 6-bromohexyl acrylate under Finkelstein conditions using potassium iodine and potassium carbonate in 2-butanone results in the corresponding Sp-ether derivatives. The Spester derivative was achieved by reacting the Sp-6'-OH using acryloyl chloride resulting in 3 ( Figure 2 ).
Characterization of the hydrogels
Before switching the material with light, the amount of protonated merocyanine (McH + ) in the hydrogels was determined using UV-Vis spectrophotometry at various concentrations of HCl ranging from 0.05M to 1M. At a concentration of 1M HCl, it is assumed that Sp is completely in the Over the spectral range studied, Compound 1 has a single strong absorbance band with a λ max at 403 nm and peak absorbance of 1.53 in distilled water, which is similar that reported by Satoh et al. 26 Upon exposure to increasing concentrations of HCl, the λ max shifts to ca. 430 nm and peak absorbance increases to 1.76 (1M HCl). After 150 minutes of exposure to this HCl concentration, a gradual slight increase to an absorbance of 1.82 is observed ( Figure S5 figure 4 ; middle) in deionized water was measured as the average of 3 disks (see SI). The largest disk was obtained with compound 2 (~92,850 pixels). Compound 3 had an average size of ~80,000 pixels and compound 1 an average size of ~48,850 pixels measured using ImageJ software. This is summarized in (Table 1) . Photoswitching and actuation of hydrogels: Shrinking the material To measure the isomerization kinetics of McH + to Sp, the surface attached hydrogels in distilled water were illuminated with white light for 300 seconds before allowing the material to recover in the dark. Upon illumination, the absorbance measured at the peak maximum decreased rapidly, indicating that the isomerization of McH + to Sp is fast. Compound 3 requires ~12 seconds before reaching the photo-stable state (pss), while 2 and 1 require ~75 and ~90 seconds, respectively ( Figure 5 ). This indicates that 3 has the fastest molecular closing kinetics, which is what one would expect, since the withdrawing nature of electrons of the ester stabilizes the closed Sp, while electron donating groups enhance ring opening of the molecule. On the macroscopic level, upon exposing the equivalent gel disks to white light, rapid shrinkage of the disk occurs. During this time, a stereomicroscope was used to track the degree of shrinkage every 30 seconds, and the surface area was calculated in pixels using ImageJ (See SI). Upon plotting the area, one can see that the slope of the shrinkage is very similar in all situations, indicating that this is not dependent on the Sp derivative used. In the first run, all gel disks shrink to ca. 60% of their original area. The minimal size of the gel after 300 seconds illumination was 65, 54 and 58% of the initial area or 80, 74 and 76% of the initial radius for the hydrogels containing 1, 2 and 3, respectively ( Figure 5 ). Interestingly all gels seemed to reach the same relative final size, indicating that the addition of 2 allows the gel to swell more than the other derivatives ( Figure S3 ). No explanation was found for this phenomenon. 
Photoswitching and actuation of hydrogels: Recovery of the material
When the material is allowed to reswell in the dark for 1800 seconds, the formation of McH + can be tracked over time using UV-Vis spectroscopy. The protonation process of Sp to McH + appeared to follow 1 st order kinetics in all three cases.
In Fig. 6 , the normalized absorbance plot shows that 1 has the fastest ring opening kinetics indicated by the slope. After 1800 seconds, 1 recovered to 92% of the original protonated merocyanine absorbance, while 3 and 2 only recovered to 65% and 38% of the original absorbance, respectively. The isomerization rate coefficient k Sp making 1 ca. 2.5 times faster than 2, and ca. 10 times faster than 3. The disks were also allowed to reswell over the same time frame and the area measured every minute. The initial size of 2 was larger than observed in the other gels. Upon swelling, only the gel containing 1 recovered its approximate initial size (95%), while the 2 and 3 recovered only 46% and 32%, respectively. The difference in size is not expected to be problematic, as the thickness (z) for all gels is defined by the production method and is far smaller than the area (x-y plane) i.e. z<<x,y. This measurement was repeated three times and shows the reversibility of the McH + isomerization (Figure 7 ). The gel containing derivatives 2 and 3 decrease in size upon the second and third illumination cycle, indicating that (i) the minimal size is not reached and (ii) the swelling kinetics are slower than in the gel containing compound 1. Figure 7 . Normalized plot of the absorbance of the surface attached hydrogels (solid line) and the disk area (dashed line) depicting the correlation between the molecular kinet--ics and macroscopic swelling effects upon three consecutive illumination and relaxation runs. The absorbance was meas--ured at λ max , 403, 467 and 425 for 1, 2 and 3, respectively.
The hydrated gel size of derivatives 2 and 3 is observed to decrease upon multiple illuminations ( Figure 7) which could potentially present a challenge when this material is used in a valve configuration, since it could potentially result in leaking through the valve. Derivative 1 exhibited the most desirable properties as its swell recovery only exhibited minor loss of original size. After three cycles of 300 seconds illuminating and 1800 seconds recovering, the size of the gel calculated by the normalized area is 96, 40 and 30% for 1, 2 and 3 respectively. This is summarized in Table 2 . *Calculated by the average of 3 gels in the last run using the normalized area.
From the results above, it was clear that 1 exhibits the greatest potential for implementation as a valve material due to its almost Normalized area (a.u.)
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complete recovery. However, derivatives 2 and 3 can also be used by optimization of their size whereby their edges are closer to the channel walls than that of 1 gels. All gel valves are optimised so that their swollen forms press against the channel walls to create a seal and the creation of a larger valve would result in overswelling against the walls of the channel and the resulting loss during recovery will be hidden within this over-swelling component. Figure 7 implied that the loss in recovery would continue beyond 3 swell cycles and as such even with the over-swelling, the valves would be expected to fail eventually. Consequently, it appears that all three derivatives could be potentially be used as single use valves while derivative 1 shows potential for use as a permanent, reusable valve. Figure 8 . Photographs of the disks at the initial size and after three runs of 300 sec of illumination with white light and subsequently recovering in the dark for 1800 sec.
Isomerization kinetics versus swelling kinetics.
There are three scenarios that can occur when correlating the isomerization kinetics of the Sp derivative to the swelling and shrinking behavior of the hydrogels: 1. The kinetics of the isomerization of Sp is faster than the swelling or shrinking kinetics: Diffusion limitation 2. The kinetics of the isomerization of Sp is in the same range of the swelling or shrinking kinetics: Both processes are synchronized 3. The kinetics of the isomerization of Sp is slower than the swelling or shrinking kinetics: Isomerization limitation To improve the swelling speed of the material, in the first scenario the material can be dimensionally scaled down, as there is a dependence of diffusion on the radius squared of the material. In the third scenario, improvements can be obtained by designing the molecular structure of the Sp derivative, so as to enhance the isomerization kinetics. When plotting the normalized Sp isomerization kinetics and gel swell kinetics in one plot (Figure 7) , one can clearly see that the shrinking of the gel is diffusion process limited, since the pss is reached after maximal 90 seconds, while the gel does not show maximum shrinkage even after 300 seconds of illumination. Upon reswelling, in the case of both Sp-6' derivatives (2 and 3), the material does not return to its original size (Figure 8 ). The isomerization kinetics are slower than the recovery of the material, indicating that there is an isomerization kinetics limitation. As 2 has faster Sp to McH + isomerization, this gel swells back to about 40% of the original size after the three illumination cycles, while 3 only recovers ca. 30% upon the third illumination cycle. 1 however exhibits full recovery its initial swollen size in the measured timespan but it is debatable whether the kinetics of isomerization for 1 are in the same range or slower than the swelling kinetics. The slope of both the swelling and isomerization curve is very similar, indicating that these two observables are directly connected to each other i.e. the hydrophilicity changes which occur upon isomerization are being translated to a change in hydrophilicity of the entire material. When examining the swelling profile in Figure 6 and Figure  7 in more detail, two separate situations are observed for derivatives 2 and 3. Initially, the swelling seems very steep and suddenly reaching a plateau. Therefore, an initial diffusion limitation followed by isomerization limitation is expected. This is not the case for the 1 where a gradual increase in both the kinetics and extent of swelling is observed.
Hydrogel based microvalves
Hydrogel-based valves were produced to examine the application of the macroscopic results observed above as a practical application for fluid control. Since derivative 1 exhibited the fastest isomerization kinetics and most reproducible swell/shrink profile, light-switchable valves based on this gel were created. The valve was locally illuminated using a blue LED, as can be seen in Figure 9 , resulting in gel shrinkage and flow occurring in the channel a few seconds after initiation of LED illumination. After illumination for one minute, the LED was turned off and the valve allowed to spontaneously re-swell. 
CONCLUSION
This paper has demonstrated that molecular design of the photochromic compound within a hydrogel allows for direct influence upon the macroscopic level effects observed. Correctly designing of a spiropyran derivative has resulted in improvement of the reversible swelling/shrinking behavior of the hydrogels. This is not only interesting for microfluidics, but the concept can be further expanded to a large amount of actuating material applications, where design of a molecule is helpful for the macroscopic effects. Here, the concept was employed to generate a molecule that resulted in improvement of isomerization speed for a hydrogel performed in a model study. The production of efficient valving gelsIt opens up a new method of microfluidic flow control that can be widely employed in analytical devices, particularly deployable autonomous platforms, as its simplified, compact configuration and non-contact operation with LED illumination results in a low cost, low energy valve unit with functionality potentially comparable to those of existing mechanical valves.
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